Life on coral atolls can be very precarious. The sand cay islets are low-lying (in the main less than 2m above high water) and small. Only the larger islands (over 500m by 1000m) are suitable for permanent human habitation, as they possess a fragile lens of freshwater floating on top of a saltwater base. It is this lens of groundwater that allows for a variety of plant life, and it is this source of fresh water that allows humans to exist on the island. Environmental disasters, such as typhoons with waves of over 10m washing across an entire islet, can swamp the groundwater lens with saltwater, causing salinisation and thus imperilling human survival.
Introduction
Several papers in this journal have explored the human responses to living near shorelines which form the boundaries between the sea and the land, between fresh and saltwater environments. There are, however, areas where the sea prevails both in expanse and in day-to-day presence, while the land is marginal and human life is precariously balanced. Human life on the small islets that make up the atolls in the world's oceans is dependent on the presence of potable fresh water, while at the same time is imperilled by the ever-present threat of the sea inundating the low-lying islands.
In response to these threats, island societies have developed response mechanisms that ensure, to the extent feasible, human and societal survival. km 2 combined landmass. 2 The atolls rise steeply from the ocean floor, often over 1500m, and slope gently into the lagoon, which is commonly not any deeper than 40-80m. Water exchange between the lagoon and the sea is maintained through passes, as well as across the reef platform at high tide.
The only parts of an atoll that are permanently above mean high seawater level are the sand cays or islets, made up from erosion products of the reef, predominantly calciferous sand and coral rubble. The particle size of the material decreases from the ocean side to the lagoon side.
In addition, there is variation between the islets of an atoll depending on the location of the islet in relation to prevailing wave action. Islets on the leeward side of the atoll tend 1 Figures are found at the end of the essay. to be larger and have finer sediments, while islets exposed to the swell, and more likely to be water-washed during strong storms, tend to have more coarse-grained sediments.
Freshwater Lenses
Because of the total lack of physical elevation and hence orthographic rainfall patterns, the precipitation in the Marshall Islands is solely governed by the general Pacific-wide climatic belts as well as by highly localised micro-climatic rainfall over the lagoons. On the regional scale, there is a distinct precipitation gradient running from the equatorial zone in the south to the north (Figure 2 ). The further north the atoll is located, the less precipitation can be expected. Thus Jaluit, located at 5°47'N has a precipitation of almost 4000mm per annum, while Wake, located at 19°28'N has only a precipitation of less than 1000mm per annum.
3 Intense tropical storms of short duration contribute to much of the total rainfall, and the incidence of the storms themselves is quite variable from one year to the next for a particular island or atoll.
Any rain that is deposited on the atoll is dependent on the vicariousness of the clouds.
In many instances, especially during the drier season, rain-bearing clouds may be seen to pass over a particular stretch of land, but may miss another completely, or discharge into the lagoon. Unless rain falls on an islet is of no use to the land ecosystem.
The flat landscape, permeability of the underlying rock, and the composition of soils and reef-derived sediments prevent the occurrence of streams or creeks. Therefore, after the wetting loss, i.e. the amount of moisture needed to wet the surfaces of plants (and roofs etc) and to evaporate, all of the rainfall dropping on a given islet will percolate through the sand and settle into the ground. As rainwater has a lower specific gravity than saltwater, the rainwater will in effect 'float' on top of the saltwater. 4 Moreover, because of weight, it will gradually depress the surface of the saltwater, creating a lensshaped region of fresh-water. As the lens grows, some of the lens will run out at the (Figure 3) . As there is no wave action inside the islet's core, the integrity of the lens is maintained. Limited mixing of the salt and fresh-water will occur at the boundaries of the lens, caused by water-level fluctuations as a function of the tidal movement or as convective forces due to capillary action. The underlying substrate is not homogenous however, as it is made up of the old reef platform with various coral heads, intermixed with now consolidated but formerly loose sediment that accumulated between the coral. Thus the 'storage capacity' of different substrates will differ.
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As rain falls on the islet, the lens will become thicker, with the interface with the seawater being gradual. The shape of the island determines the thickness of the lens.
Ignoring any variations in the coral limestone substrate, the thickest possible lens would result from a circular island. As the island's shape on atolls is either oblong or triangular of some description, the greatest thickness of the lens is predetermined by the width of the island (Figure 4 ).
Vegetation Patterns
The freshwater lens provides a stable water supply for any vegetation growing on the islet. On small and very low-lying islets the vegetation is limited to hardy shrubs that can withstand both the salt spray from the ocean and can thrive on a supply of brackish water. On the larger islets, the freshwater lenses allow other vegetation to grow, such as breadfruit (Artocarpus altilis) which are dependent on non-saline water. The gradation of the soil/sand substrate, availability of freshwater, wind, wave action and the concomitant salt spray cause the vegetation on the sand cays of the coral atolls to occur in clearly defined zones, reaching from the lagoon side to the ocean side of the island. The vegetation zonation on any given island depends on the island's location on the atoll, with leeward islands, away from the swell and strong salt spray, being generally more conducive to complex vegetation patterns than windward islands. Moreover, as stated, the latitude of the atoll determines the overall rainfall, which in turn has implications on the viability of vegetation.
Settlement Patterns and Land Ownership
The low-lying sand islands of the coral atolls are exposed to environmental hazards and changing conditions. Therefore, the atoll environment faced by the prehistoric, early historic and also the present-day settlers of the Marshall Islands, defines very clearly the way their settlements, their horticultural (agricultural) sites and their ritual sites, such as cemeteries, are arranged on any island of a given atoll. The environmental parameters to be considered are:
• availability of freshwater Given the zonation of the vegetation on any given island, the traditional land divisions, the wato, were laid out as strips of land running from the ocean side of the islet to its lagoon side, thereby ensuring that each household had access to all environmental zones. Figure 6 shows the modern pattern at the left, and the reconstructed prehistoric patterns at the right (after Spennemann 1990). The wato on larger islets, especially on the environmentally favoured, southern atolls, are narrower than on the smaller islets of the same atolls. On the drier and thus less favourable northern atolls the wato are wider.
The prehistoric settlement pattern is almost entirely defined by these environmental constraints. Archaeological and historical site surveys found that the settlement on a major southern atoll, such as Majuro, favours larger islands. The coral gravel spreads, indicating house sites, were concentrated on the larger islands, and where a more detailed analysis was possible, it was found that the settlements were located on both sides of the breadfruit zone, with the main settlements on the lagoonal side. The habitation sites would begin some 30-50m inland from the present lagoonal edge, well above the storm high tide mark and behind a small natural strand wall. Going inland, these gravel spreads would gradually change to shell middens, indicating cooking facilities and associated rubbish dumps on the inland, the "backward" side of the houses. Inland of these rubbish heaps an area of burials is encountered, located between the houses and the gardening centre. In the fertile middle of the island the breadfruit trees and a dense zone of taro patches are found. Going towards the ocean side one would encounter another, narrower zone of habitation and then would get into a dense salt resistant shrub and broadleaf forest fringing the ocean shore. In this zone some burials can also be expected. 
Vicariousness of Existence
The On 30 June 1905 a strong typhoon passed over the southern Marshall Islands, severely affecting Nadikdik (Knox) (6°20'N 172°10'E), Mile, Arno, Majuro and Jaluit Atolls.
Other atolls, namely Aur (8°12'N 171°06'E), Maloelap (8°40'N 171°00'E), Ailinglapalap, Ebon, and Ujelang were also affected but to a lesser degree. Over 227
Marshallese lost their lives on that day on the affected atolls, most of them on Nadikdik and Mile. Many more people were injured. Hardest hit was Nadikdik Atoll, located just to the southwest of Mile. This atoll was completely washed over, all inhabited islands completely reduced to the bare reef platform and the human population of that atoll (seventy people) completely extinguished save for two boys who, clinging to an uprooted breadfruit tree, survived a 24-hour drift voyage to the southern coast of Mile. 
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Social Structure
Given the vicariousness of human existence on a single atoll, it is not surprising that the Marshallese designed social structures that mitigated such impacts both within an atoll and between atolls. Marshallese society is matrilineal and matrilocal.
11 The status and resource rights of the parents influenced the status and rights of the children, with the mother's rights and status being stronger. iii) buirak, of chiefly lineage but subordinate to the irooj with absolute rights to more than one allotment of land, usually on the same islet, but certainly on the same atoll, and rights to produce and resources from other allotments; and iv) irooj, high ranking chiefs, with absolute rights to more than one allotment of land, usually on the same atoll (on occasion on more than one atoll) and who exercised rights to produce and resources from allotments on other atolls.
The allotments were bounded by other allotments and the shorelines. Traditional rights extended as far into the lagoon or ocean as the chief could physically stand to fish. 13 Given that fact that the shape of an islet was subject to continual change caused by the processes of erosion and accretion, such a stipulation makes a great deal of sense. If and when two islets merged, the boundary line was drawn at the locality of the actual merger.
The German colonial administration intentionally, directly and indirectly, consolidated the hierarchical structure and the power position of the irooj. On the one hand it prohibited warfare as a legitimate means of altering the balance of power, while it also introduced a head tax in 1888 with consequences to the hierarchy.
14 Levied on every Marshallese subject, the tax could be forcefully collected if those levied were to 13 Erdland (1914 15 Whereas traditionally the irooj had only a share of the food and other produce, as well as a share of his people's labour the introduction of the head tax, payable in the main commercial export article of the Marshall Islands, copra, led to the development of a formal payment of the irooj's share in copra. As the German authorities collected the tax as well as purchased any other copra from the irooj rather than directly from the individuals, the power position of the irooj was strengthened and essentially formalised.
As a result of these and other more subtle colonial changes, the traditional tenure structure has been collapsed into three levels: 16 i) dri-jerbal, or workers, with ownership rights to aspects of a single allotment of land;
ii) alap, or 'land manager,' who has rights to more than one allotment of land, usually on the same islet, but certainly on the same atoll; and iii) irooj, who had rights on one or more entire atolls, as well as rights to resources on other atolls.
In practical terms, the increased movement from the outer islands to the population centres has created a new fourth level: those people who have no traditional rights whatsoever to the land allotment they reside on, but who are tolerated as squatters subject to the approval and good will of the irooj.
In terms of the traditional structure, burial patterns reflect the social structure, inasmuch as only chiefs and people with ownership rights to the land were traditionally buried.
The corpses of commoners were set adrift into the ocean. Since colonial times the right to burial on land has been extended to everyone.
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As the strength of the socio-political position of an irooj depended on his capacity to provide for his commoners, whom he needed in order to be able to wage war, an irooj was reliant on the productivity of the island and its people. The traditional societal structure with land ownership scattered over several islets of an atoll and resource rights 15 Sonnenschein (1888b). 16 Tobin, Jack E. to islets on other atolls, ensured that irooj and to a lesser degree buirak, had access to a range of natural resources. This was an effective strategy for both physical and social survival in a fluctuating environment. Because rainfall intensity varies not only between but also within atolls, the productivity of some of the land allotments was patchy, even without taking into account climatic extremes such as typhoons or drought. During times of devastation wrought by typhoons or extended drought, the spread of such land holdings was especially important as it ensured that carbohydrate food stuffs were available for redistribution to the starving community members (a typhoon devastated community cannot live on fish alone).
Connectivity
Traditional inter-atoll obligations are on record for the early contact period as well as for the early German colonial period. Traditional inter-atoll obligations existed throughout with islanders providing a share of produce to the higher ranking chief. 19, pp. 207-208, 223-226, 250-252. 20 Spennemann, Dirk H.R. (1992) . 21 Krämer, A Augustin & Hans Nevermann (1938) "Ralik-Ratak (Marschall Inseln)" in G.Thilenius (ed.), Ergebnisse der Südsee-Expedition 1908 -1910 The typhoon of 1857, which seems to have devastated Ebon Atoll, resulted in severe starvation and the move of some 800 people of a total of 1300 temporarily from Ebon to Jaluit Atoll.
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The movement of people from Mile to Arno, and the supply of coconuts, Pandanus and breadfruit preserves from Arno and Majuro to Mile after the typhoon of 1905 indicates the perseverance of such a safety network.
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These contacts and reciprocal obligations were not random throughout the Marshall Islands. Any connectivity was derived from the productivity of the atoll, the proximity of the atolls to each other, and the sailing conditions encountered. Based on a variety of data ranging from historic accounts, linguistic analyses, epidemiological data as well as biogeographical information, 24 the connectivity of the atolls of the Marshall Islands can be speculatively reconstructed for the contact period and before (i.e. the first half of the nineteenth century). The majority of the communications occurred within each of the two chains, with inter-chain communications very rare, except at the southern end. In part this is a factor of the greater population density on the southern atolls.
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Connectivity and Settlement Patterns Today
The centralised colonial governments which consolidated the position of the irooj on the one hand, and the paternalistic stance the colonial administrations took towards the Marshallese, 26 relieved the irooj of most their traditional responsibilities to provide for their people in times of distress.
22 Krämer & Nevermann (1938: 30 While water, although still a determining factor on the outer islands of the Marshall Islands, has lost its paramount importance for the functioning of Marshallese society, the survival of the Marshallese settlers in pre-European times provides testament to a
communal, yet hierarchical, solution to overcome the environmental constraints of atoll existence.
27 cf. Spennemann (2004) for partial history.
28 Spennemann (1999) .
29 Spennemann (1996) . 
